We studied the effects of liming on soils and forest songbirds as well as vegetation and calcium-rich invertebrate prey variables that were predicted to link birds to changes in soil conditions. We observed increases in soil pH, calcium, and magnesium, as well as in songbird abundances in response to lime application, with continuing increases through five years after liming. We observed an overall increase in snail abundance on limed sites, but an initial peak of a 23 fold increase three years after liming was reduced to an 11 fold increase five years after liming. We observed an increase in forb ground cover on limed sites, but liming had no effect on millipede abundance or other vegetation measures. Of the variables we measured, snail abundance was the most likely mechanism for the response in bird abundances. Because we observed continued benefits of liming up to five years post treatment, we concluded that liming is a very promising technique for restoring forest ecosystems impacted by acidic deposition.
Introduction
Anthropogenic acidic deposition, as well as forest harvesting and aging, has depleted forest soils of calcium and other nutrients and made them more acidic [1] [2] [3] [4] . In Pennsylvania, an area that receives very high levels of acidic deposition, forest soils have experienced significant declines in soil pH, calcium, and magnesium over the past 40 years [5] . This soil acidification and concurrent depletion of base cations, especially calcium, and increases in availability of toxic metals have the potential to negatively affect the entire forest ecosystems. Acidic deposition and soil acidification have been linked to changes in many levels of the forest ecosystem, including tree diebacks, suppressed tree regeneration, fish mortality, reduced snail abundances, and reduced avian reproductive success [2, 6] .
One method used to mitigate the effects of acidic deposition on forest soils is to apply limestone sand. This technique was traditionally used in acidified agricultural areas, and was later applied as a mitigation technique to restore acidified bodies of water [7, 8] . Only in the past decades has liming been used to restore acidified forests, and most of the research has taken place in Europe. Researchers have found many positive results of liming on soils, forest vegetation health and regeneration, and snail abundances [9] [10] [11] [12] [13] [14] . However, very little is known about how liming affects terrestrial vertebrates, and most evaluations of the effectiveness of liming are focused on soil and water quality. An approach that includes multiple ecosystem levels would give a more complete picture of the forest ecosystem response to liming.
As a part of a larger project to restore an acidified stream to historic water-quality levels in central Pennsylvania, two, 100 ha subwatersheds were limed [15] . The primary goal of the project was to improve stream water quality, but secondary goals included revitalizing forest health and improving forest habitat for wildlife. Liming was completed using methods and materials that are available to land managers, including using a modified log skidder to spread the lime and using dolomitic limestone sand.
We focused our evaluation of the liming project on terrestrial ecosystems, from soils to terrestrial vertebrates. We selected songbirds as our focal vertebrate group because they may be particularly sensitive to soil acidification [6] . We then focused our efforts on links between soils and 2 International Journal of Forestry Research birds, including food and habitat variables. Birds require large amounts of calcium to reproduce, which is less available in acidified soils [6] . Therefore, we focused on calciumrich invertebrates, including snails and millipedes, because both contain higher levels of calcium than other forest invertebrates, and are documented to be important calcium sources for songbirds [6, 16] . We also included vegetation measurements because bird habitat quality is associated with specific vegetative characteristics required for nesting and foraging, and vegetative characteristics can change with soil acidification [17, 18] .
In Pabian and Brittingham [19] , we reported some of our preliminary findings on soil calcium, snail abundance, and songbird abundance. We observed that before liming the study sites were of poor quality for forest songbirds, as measured by a low abundance of birds and large territory size of our focal species. Liming resulted in increased songbird abundances and increased territory density. However, our findings were somewhat inconclusive and incomplete because we did not have enough information to observe effects of liming on individual bird species, and we did not evaluate the effects of liming on many important soil, invertebrate, and vegetation variables. To give a more complete picture of the effects of liming on forest ecosystems and to better evaluate the effectiveness of terrestrial liming for restoring acidified forests, we continued the study for an additional two years and incorporated more ecosystem variables into our analysis and report. [19] .
Methods

Study Sites. This study was conducted in the Mosquito
Study
Design. We conducted this study over a six-year period (2003-2008) using a Before-After-Control-Impact (BACI) study design [20] . The BACI design controls for natural environmental variation that affects all sites and controls for any initial site differences [21] . During year one, we collected data at all four sites before liming. Before the beginning of the bird-breeding season in year two, we randomly selected two of the four sites and applied approximately 4500 kg/ha of dolomitic limestone sand using a modified log skidder. For more liming details see Pabian and Brittingham [19] . We collected data on the limed and control sites over the following three years and again in the fifth year after liming. Preliming conditions and some of the results through 2006 have been published, so this paper will focus on what was not covered in that paper [19] . Within each of the four sites, we established 17 survey points per site (68 points total) for bird point counts, invertebrate counts, soil samples, and vegetation measurements. The points were located 200 m apart on a grid.
Soils.
We collected Oa-horizon soil samples at the 68 survey points in all years. We collected soils in 2003, 2004, 2006 , and 2008 during the first two weeks in July, and collected soils in 2005 during the last week in May. Soils were analyzed at the Pennsylvania State University Agricultural Analytical Services Lab for exchangeable calcium (Ca), magnesium (Mg), potassium (K), and phosphorus (P) using the Mehlich 3 (ICP) method [22] and pH in water paste [23] . In 2003-2006, we additionally analyzed soil samples for plant available aluminum and calcium in the A-horizon using a 0.01 M SrCl 2 saturated paste extract to calculate the calcium to aluminum ratio.
Snails and Millipedes.
We sampled both snails and millipedes at the survey points using timed-area searches centered at each of the 68 survey points each year. Plot locations were shifted each year to avoid resampling the same areas. We completed all surveys between the last week in June and second week in July. Snails and millipedes were surveyed by hand searching the leaf litter, down to the Oa-horizon, in a 25 m 2 area for 20 minutes [24] [25] [26] . Searches were completed between 0700 and 1200 hours on days without rain 24 hours prior to searching.
Vegetation.
We quantified vegetation at each of the 68 survey points using methods from Martin et al. [27] . We measured vegetation from the last week in June through the second week in August. We measured vegetation within four plots located within a 50 m radius of each survey point. Each survey plot had a 5 m radius, for counting shrubs and saplings. We counted all shrubs and saplings by species, estimated ground cover of forbs, ferns, shrubs, and grass, and measured leaf litter depth within 5 m radius plots, and we measured canopy cover from the center of each plot. Leaf litter depth was measured by using hard plastic rulers with no boarders to dig small holes to where individual leaf parts were no longer visible. We used a spherical crown densiometer to take four measurements (in each cardinal direction) of canopy cover from the center of each plot. Vegetation measurements were made in 2003, 2004, 2005, and 2008 . We used the means from the four vegetation plots at each survey point in our data analysis.
2.6. Bird Abundance. We monitored bird abundance using point counts at the 68 survey points every year. The points were separated by 200 m to prevent repeat counts of the same birds [27] . Upon arrival at a survey point, we waited one minute before beginning the count. We recorded any bird seen or heard for 5 min. within a 50 m fixed-radius circle. Each year, we completed point counts three times at each site between 1 June and 15 July. To avoid any time-of-day effects, we surveyed points in different orders each time. We conducted surveys between 0600 and 1000 on days without strong wind, rain, or dense fog. We used the maximum number of each species recorded from the three surveys completed each year for each point for analysis.
Analysis.
All statistical analyses were completed in R [28] . We used mixed-effects models to conduct repeated International Journal of Forestry Research 3 measures generalized linear models on the data collected at the point level for soils, invertebrates, vegetation, and bird abundances. We used the lmer function from the lme4 package to analyze the data [29] . The models included fixed treatment and time effects, fixed treatment by time interaction effect, random site effect, and random point within site effect. Random effects allowed us to structure the error to account for repeated samples within sites and repeated measures over time without committing pseudoreplication [30] . We used the time by treatment interaction to evaluate the effect of liming, which evaluates if the limed sites changed differently than the control sites from before liming to after.
We log-transformed most count and soil variables to make them approximately normal, and we arcsinetransformed all percentages. If any visual examination of data indicated a peak, we modeled it with a quadratic term for time, and used the ANOVA function in R to perform a drop in deviance χ-squared test to determine if the quadratic term improved the model [28] .
We assessed the magnitude and uncertainty in the time by treatment interaction parameter estimates using 95% confidence limits generated using Markov Chain Monte Carlo (MCMC) samples from the posterior distribution of each parameter estimate using the mcmcsamp function in the R package lme4 [29] and computing the Bayesian highest posterior density (HPD) 95% confidence limits of the MCMC samples using the HPDinterval function in the R package coda [31] . We considered confidence limits that excluded zero to indicate a time-by-treatment interaction and an effect of liming on the variable measured. We reported interaction effect parameter estimates with their confidence intervals (CIs) and the changes that occurred on control and treatment sites with their standard errors to indicate the direction and magnitude of the liming effect.
For bird abundance data, we divided the songbirds into three foraging categories: ground-, understory-, and canopy-foraging species. Because the lime was applied to the ground, we predicted the invertebrates on the ground and the understory vegetation would be affected first and thus the ground-foraging birds would be the first to respond to liming. Ground-foraging birds included veery (Catharus fuscescens), hermit thrush (C. guttatus), ovenbird (Seiurus aurocapilla), common yellowthroat (Geothlypis trichas), eastern towhee (Pipilo erythrophthalmus), chipping sparrow (Spizella passerina), dark-eyed junco (Junco hyemalis), and indigo bunting (Passerina cyanea). Understory-foraging birds included blue-headed vireo (Vireo solitarius), chestnutsided warbler (Setophaga pensylvanica), black-throated blue warbler (S. caerulescens), and American redstart (Setophaga ruticilla). Canopy-foraging birds included eastern woodpewee (Contopus virens), least flycatcher (Empidonax minimus), eastern phoebe (Sayornis phoebe), red-eyed vireo (Vireo olivaceus), black-throated green warbler (S. virens), blackburnian warbler (S. fusca), scarlet tanager (Piranga olivacea), and rose-breasted grosbeak (Pheucticus ludovicianus).
Classifications were based on foraging information included in the birds of North America species accounts [32] .
Results
Soils.
We observed increases in soil calcium, magnesium, and pH in response to liming (Figure 1 ). From the first year of the study, before liming, to five years after liming, soil exchangeable calcium did not substantially change on control sites (1.19 + 1.14 cmol/kg change) and increased by 8.00 + 1.61 cmol/kg on limed sites (a 4.1 fold increase from before liming; Figure 1 ). Soil exchangeable magnesium did not change on control sites (0.61 + 0.39 cmol/kg change) and increased by 6.76 + 1.10 cmol/kg on limed sites (a 5.5 fold increase from before liming; Figure 1 ). Soil pH also did not change on control sites (0.03 + 0.13 change in pH) and increased by a mean pH of 0.86 + 0.17 on limed sites ( Figure 1 ). We detected no significant effect of liming on soil exchangeable potassium and phosphorus ( Figure 1 ).
We also observed an increase in the soil calcium to aluminum ratio in response to liming ( 
General Vegetation.
We observed an increase in forb ground cover in response to liming ( Figure 3 ) and no effect of liming on the other vegetation variables we measured (Table 1) . Absolute forb ground cover increased on control sites by 6.67 + 1.13% and increased on limed sites by 12.67 + 1.98% from before liming to five years after liming.
Bird Abundance.
We counted 43 bird species over the course of the study. We observed an increase in overall bird abundance in response to liming (Figure 4 ). The number of birds per point did not change from before liming to five years after liming on control sites (0.97 + 0.56 change in number of birds per point) and increased by 1.88 fold on limed sites (3.09 + 0.53 change in number of birds per point; Figure 4 ).
When songbirds were grouped in ground-, understory-, and canopy-foraging categories, we observed increased abundances of ground-and understory-foraging bird abundances in response to liming, but no change in canopyforaging bird abundances (Figure 4 ). Ground-foraging songbird abundance, from before liming to five years after liming, did not change on control sites (0.24 + 0.32 change in birds per point) and increased by 2.6 fold on limed sites (1.50 + 0.26 change in birds per point; Figure 4 ). Ground-foraging bird species that most strongly followed this pattern were ovenbird, veery, and eastern towhee. Ovenbird abundance did not change on control sites from before liming to five years after liming (0.18 + 0.13 change in abundance) and increased on limed sites (0.56 + 0.13 change in abundance; Figure 5 ). Veery abundance had a decreasing trend on control sites (−0.12 + 0.07 change in abundance) and increased on limed sites (0.21 + 0.09 change in abundance; Figure 5 ). Eastern towhee abundance did not change on control sites (−0.09 + 0.13 change in abundance) and increased on limed sites (0.26 + 0.12 change in abundance; Figure 5 ). Understory-foraging songbird abundance, from before liming to five years after liming, did not change on control sites (0.235 + 0.224 change in birds per point) and increased on limed sites (0.706 + 0.217 change in birds per point; Figure 4 ). The chestnut-sided warbler followed the same trend and did not change on control sites (−0.029 + 0.075 change in birds per point) and increased on limed sites (0.324 + 0.123 change in birds per point; Figure 5 ).
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Discussion
We observed beneficial effects of liming at multiple ecosystem levels five years after lime was applied to study areas within and acidified forest and gained a better understanding of the links between soil conditions and other components of the forest ecosystem. With data from an additional two years after liming since our preliminary report [19] , we continued to observe increases in soil pH, calcium availability, and bird abundance. We also observed unexpected results, with snail abundance initially increasing and then decreasing, although still remaining significantly more abundant than prior to liming. Some components of the forest ecosystem (e.g., millipede abundance and vegetation) did not respond or responded too slowly to liming to be observed in five 
Soils.
The continued increases observed in soil pH, calcium, and magnesium five years after liming are promising and agree with other liming studies that one application of lime can continue to improve and maintain improved soil condition for a long time. In other studies, continued increases in these soil parameters have been observed beyond five years after dolomitic limestone application [10] . Also, based on models, dolomitic lime application is predicted to elevate soil-base cation levels for up to 50 years, with continued increases in the first 15 to 20 years, followed by a gradual decline [12] . The increases in soil pH brought average soil condition from below 4.0, which is considered too low to maintain healthy oak forests, to 4.7 and never exceeded normal soil conditions for forest soils in the area (no soils with pH > 7.0) [33] . Potential negative effects of liming on soils include decreases in potassium, resulting from displacement by Mg and Ca, and decreased phosphorus, resulting from the formation of insoluble Ca phosphates or uptake by plants [34] [35] [36] . Unlike in other liming studies, we observed no substantial effects of dolomitic lime application on soil P or K [10, 37] .
Soil calcium/aluminum ratios below one are related to a high risk of adverse tree growth or nutrition [38] . Before liming, we observed ratios as low as 0.35, and the majority of soil samples were below one. After liming, many soil samples remained below one, but the majority became above one, indicating substantial improvement of soil conditions for tree health.
Invertebrates.
Although both snails and millipedes contain high levels of calcium, only snail abundances increased after liming. Snail abundances peaked three years after liming with a 23 fold increase, then unexpectedly decreased. Despite a 50% decline in snail abundance during the fourth and fifth years of the study, snail abundance was still 11 times higher on limed sites than before liming. The decline in snail abundance was unlikely a result of diminishing effects of lime application. We observed increases and elevated levels of calcium and pH in the soils five years after liming, and the effects of liming are predicted to last much longer [12] . Birds may play a large role in trophic cascades and have great potential to control populations of invertebrate prey items [39, 40] and, potentially, the increase in bird abundance in response to liming resulted in an increased rate of snail predation, especially if snails are indeed a critical calcium source in the study area. Other factors unrelated to liming, such as soil and litter moisture, can also affect snail abundances [41] however; we did not record any differences in litter moisture in the final year compared to other years or control sites. We also analyzed the effects of liming on millipedes because they are a potential source of calcium for breeding songbirds [16] . Contrary to our prediction, millipede abundance did not respond to liming. Although millipedes contain relatively high amounts of calcium, their abundances seem more sensitive to leaf litter depth and moisture, and in other research, we found that abundances were negatively related to soil pH [42] . Researchers in the past have observed mixed results when investigated the relationship between diplopods and soil conditions. Kalisz and Powell [43] observed higher millipede biomass on soils with higher soil calcium and pH resulting from proximity to limestone roads, while Wasson [44] found a strong negative trend between millipede abundance and soil calcium availability. Because millipede abundances did not increase after liming, we believe that they were not limited by soil pH or calcium levels.
Vegetation.
We observed very little evidence that liming had any large effects on vegetation structure. Potentially, subtle changes in canopy cover and understory vegetation could have occurred, which our methods were not designed to detect. However, our methods did a sufficient job measuring the potential for larger changes that would affect bird habitat quality.
The only vegetation response to liming was an increase in forb cover. In other research, we looked more closely at the response of understory vegetation biomass to liming and also only found a positive response of forb biomass to liming, similar to these results [42] . We expected the greatest changes in vegetation to occur in canopy cover, leaf litter depth, understory vegetation cover, and sapling density. We predicted increased canopy cover after liming because other researchers found increases in canopy health and cover after liming [9, 13, 14] ; however, these studies focused on declining sugar maple stands, and we found no evidence of diebacks or decline in the trees in our study, nor did we have any sugar maples on our study sites. We predicted that understory vegetation would respond to liming; however, other potentially limiting factors, such as light, competition with hay-scented fern, or other nutrients could have prevented a response to liming [45] . Many researchers observed positive responses of mature tree basal area growth to liming, but our methods would not have been able to detect such changes [9, 10, 13] . However, Donaldson [46] measured radial growth of trees at the same study sites and found only a slight increasing trend in growth after liming.
Bird Abundance.
We continued to observe increases in bird abundance through five years after liming, with nearly double the number of birds per point count since the year before liming. The increase in abundance between years was also fairly constant, with an average increase of 0.6 birds per point per year. With the additional two years, we were able to support our hypothesis that groundand understory-foraging birds would benefit more than canopy-foraging birds. We were also able to detect positive effects of liming on individual species, and no species declined in abundance after liming. Many of the species that benefited from liming, such as veery, chestnut-sided warbler, American redstart, common yellowthroat, eastern towhee, and indigo bunting are currently declining either regionally or nationally [47] , suggesting that this technique could be beneficial for restoring bird populations at least locally.
We predicted that forest songbirds could respond to changes in soil conditions caused by liming through vegetation changes or changes in invertebrate prey availability. Because we observed little change in vegetation structure, we strongly suspect that increased calcium availability in snails was the most likely mechanism (of the variables we measured) for increases in bird abundance. Snails are an important calcium source for many forest songbirds because they store little to no calcium for reproduction and their diets do not normally contain enough [6, 48, 49] . By increasing snails for great tits (Parus major), Graveland et al. [6] reduced the occurrence of thin eggshells that were common in birds breeding in highly acidified areas. Increased calciumrich prey availability could improve reproductive output, potentially resulting in higher return rates of adults and more young birds returning to the same area to reproduce. In addition, snails could be a strong indicator of habitat quality and increase immigration rates. Because snail abundances were reduced in the final year of the study, bird abundances could also eventually decrease, but continued data collection would be required to examine this possibility.
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We also recognize that changes in other invertebrate species, which we did not measure, could also be responsible for increases in bird abundances, but in past liming studies, snails have been the only invertebrate to regularly benefit from base cation additions, with mixed results in other invertebrate groups [50] [51] [52] [53] . Liming has been shown to increase earthworm abundances, but earthworms were not present at our study sites [54] . Caterpillars are a major food source for many forest songbirds, but no studies have found changes in caterpillar abundances with liming, as most liming studies have focused on aquatic or litter invertebrates [51] [52] [53] 55] . However, Haack [56] observed greater caterpillar abundances in more acidified areas, likely resulting from increased palatability of tree foliage when trees were under mild-to-moderate pollution stress from acidic deposition, and Butler [57] observed higher abundances of caterpillars in an experimentally acidified site compared to control.
Evaluation.
Use of the BACI study design helped overcome problems associated with natural environmental variability in field experiments. Because the BACI analysis tests the change in a variable from before to after treatment, any initial differences in conditions are controlled for. The BACI design also helps control for environmental factors that affected all of the study sites. For example, we observed increases in forb ground cover on both control and limed sites from before to after liming, indicating that an environmental factor common to all four study sites was responsible. Using the BACI design, we were able to detect an effect of liming on forb cover because the change was much greater on limed sites compared to control sites.
Terrestrial application of dolomitic limestone sand was successful at improving soil condition to the point of being near preacidic deposition levels. The change in soil conditions benefited snail and songbird abundances, including bird species with declining populations, but did not have much affect of forest vegetation. Combining these successes with the successful improvement in water conditions [15] , liming may be a very economical option for forest quality improvement and restoration in areas impacted by acidic deposition. Lime application using dolomitic limestone sand and a modified skidder resulted in costs less than $100 per ha, making it a feasible option for land managers.
